We study the electric dipole moments (EDMs) of fermions in the standard model supplemented with right-handed neutrinos and its extension including the neutrino seesaw mechanism under the framework of minimal flavor violation (MFV). In the quark sector, we find that the current experimental bound on the neutron EDM does not yield a significant restriction on the scale of MFV. In addition, we consider how MFV may affect the contribution of the strong theta-term to the neutron EDM. For the leptons, the existing EDM data also do not lead to strict limits if neutrinos are Dirac particles. On the other hand, if neutrinos are Majorana in nature, we find that the constraints become substantially stronger. Moreover, the results of the latest search for the electron EDM by the ACME Collaboration are sensitive to the MFV scale of order a few hundred GeV or higher. We also look at constraints from CP -violating electron-nucleon interactions that have been probed in atomic and molecular EDM searches.
I. INTRODUCTION
Searches for electric dipole moments (EDMs) are a powerful means of probing new sources of the violation of charge parity (CP ) and time reversal (T ) symmetries beyond the standard model (SM) of particle physics [1] [2] [3] [4] . Recently the ACME experiment [5] , which utilized the polar molecule thorium monoxide to look for the EDM of the electron, d e , has produced a new result of d e = (−2.1 ± 3.7 stat ± 2.5 syst ) × 10 −29 e cm, which corresponds to an upper limit of |d e | < 8.7 × 10 −29 e cm at 90% confidence level (CL). This is more stringent than the previous best bound by about an order of magnitude, but still way above the SM expectation for d e , which is at the level of 10
−44 e cm [6] . Hence there is abundant room between the current limit and SM value of d e where potential new physics may be observed in future measurements. In the quark sector, the EDM of the neutron, d n , plays an analogous role in the quest of new physics. At present its experimental limit is |d n | < 2.9 × 10 −26 e cm at 90% CL [7] , while the SM predicts it to be in the range of 10 −32 -10 −31 e cm [8] .
Extra ingredients beyond the SM can increase the electron and neutron EDMs tremendously with respect to their SM predictions, even up to their existing measured bounds. Such substantial enlargement may have various causes which could greatly differ from model to model. It is, therefore, of interest to analyze fermion EDMs arising from possible nonstandard origins under a framework that allows one to deal with some general features of the physics without getting into model specifics. This turns out to be feasible under the context of the so-called minimal flavor violation (MFV) which presupposes that the sources of all flavor-changing neutral currents (FCNC) and CP violation reside in renormalizable Yukawa couplings defined at tree level [9] [10] [11] . Thus the MFV framework offers a systematic way to explore SM-related new interactions which do not conserve flavor and CP symmetries.
In an earlier paper [12] , motivated by the recent ACME data, we have adopted the MFV hypothesis in order to examine d e in the SM slightly expanded with the inclusion of three righthanded neutrinos and in its extension incorporating the seesaw mechanism for light neutrino mass generation. In the present work, we would like to provide a more extensive treatment of our previous study, covering the EDMs of the other charged leptons as well. For d e particularly, we demonstrate in greater detail how various factors may affect it within the MFV context, taking into account extra empirical information on neutrino masses. Moreover, we address the possibility that d e is correlated with the effective Majorana mass that is testable in ongoing and upcoming searches for neutrinoless double-beta decay. We will also perform an MFV analysis on the quark EDMs and estimate the resulting neutron EDM. In addition, we consider the MFV effect on the contribution of the theta term in QCD to the neutron EDM.
The structure of the paper is as follows. In Section II, we describe the MFV framework and its aspects which are relevant to our evaluation of fermion EDMs as probes for the scale of MFV. In Section III we derive the expressions for quark and lepton EDMs from several effective operators satisfying the MFV principle. Section IV contains our numerical analysis. After determining the neutron EDM from the quark contributions and inferring the constraint on the MFV scale from the neutron data, we examine how the contribution of the QCD theta-term is altered in the presence of MFV. In the lepton sector, we devote much of our attention to the electron EDM in light of the ACME data and briefly address its muon and tau counterparts. The acquired constraints on the MFV scale depend considerably on whether the light neutrinos are Dirac or Majorana in nature, the EDMs in the former case being much smaller than the latter. Subsequently, we look at CP -violating electron-nucleon interactions, which were also investigated by ACME and other experiments looking for atomic or molecular EDMs. Lastly, we discuss potential constraints from flavor-changing and other flavor-conserving processes. We make our conclusions in Section V. An appendix collects some useful lengthy formulas.
II. MINIMAL FLAVOR VIOLATION FRAMEWORK
In the SM supplemented with three right-handed neutrinos, the renormalizable Lagrangian for the quark and lepton masses can be expressed as
where summation over
doublets, U k,R and D k,R ν k,R and E k,R denote right-handed up-and down-type quarks (neutrinos and charged leptons), respectively, Y u,d,ν,e are matrices containing the Yukawa couplings, M ν is the Majorana mass matrix of the right-handed neutrinos, H is the Higgs doublet, andH = iτ 2 H * involving the second Pauli matrix τ 2 . The Higgs' vacuum expectation value v ≃ 246 GeV breaks the electroweak symmetry as usual, which makes the weak gauge bosons and charged leptons massive and also induces Dirac mass terms for the neutrinos. The M ν part in L m plays an essential role in the type-I seesaw mechanism [13] . 1 If neutrinos are Dirac particles, however, the M ν terms are absent.
For the quark sector, the MFV hypothesis [10] implies that the Lagrangian in Eq. (1) is formally invariant under the global group U(3)
This entails that the three generations of Q k,L , U k,R , and D k,R transform as fundamental representations of the SU(3) Q,U,D , respectively, namely
Moreover, the Yukawa couplings are taken to be spurions which transform according to
Consequently, to arrange nontrivial FCNC and CP -violating interactions satisfying the MFV principle and involving no more than two quarks, one puts together an arbitrary number of the Yukawa coupling matrices Y u ∼ (3,3, 1) and Y d ∼ (3, 1,3) as well as their Hermitian conjugates to set up the 8, 1, 1) under G q . Formally ∆ comprises an infinite number of terms, namely ∆ = ξ jkl··· A j B k A l · · · with coefficients ξ jkl··· expected to be at most of O(1). The MFV hypothesis requires that ξ jkl... be real because complex ξ jkl... would introduce new CP -violation sources beyond that in the Yukawa couplings. Using the Cayley-Hamilton identity
for an invertible 3×3 matrix X, one can resum the infinite series into a finite number of terms [15, 16] 
where 1 1 denotes a 3×3 unit matrix. One can then also utilize this to devise Hermitian combinations such as ∆ q = ∆ + ∆ † .
Even though one starts with all ξ jkl··· being real, the resummation process will render the coefficients ξ r in Eq. (5) generally complex due to imaginary parts generated among the traces of the matrix products A j B k A l · · · with j + k + l + · · · ≥ 6 upon the application of the Cayley-Hamilton identity. In Appendix A we show the detailed reduction of one of the lowest-order products which give rise to the imaginary components of ξ r . We find that the imaginary contributions are always reducible to factors proportional to Im Tr A 2 BAB 2 = (i/2) Det[A, B] which is a Jarlskog invariant and much smaller than one [15] .
Taking advantage of the invariance under G q , we will work in the basis where Y d is diagonal,
and the fields U k,L , U k,R , D k,L , and D k,R belong to the mass eigenstates. Hence we can write Q k,L and Y u in terms of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V CKM as
where in the standard parametrization [7] V CKM = 
with δ being the CP violation phase, c kl = cos θ kl , and s kl = sin θ kl . We note that, as a consequence, ∆ u8 and ∆ d8 , whose basic building blocks are
, are all diagonal and thus will not bring about new flavor-and CP -violating interactions.
For the lepton sector, since it is still unknown whether light neutrinos are Dirac or Majorana particles, we address the two possibilities separately. In the Dirac case, the M ν part is absent from L m in Eq. (1), which is therefore, in the MFV language, formally invariant under the global group
where V L,ν,E ∈ SU(3), whereas the Yukawa couplings are spurions transforming according to
III. FERMION EDMS IN MFV FRAMEWORK
To explore the MFV contribution to the EDMs of quarks and charged leptons, one needs to construct the relevant operators using ∆ u,d,e in combination with the quark, lepton, Higgs, and gauge fields. At leading order, the operators can be written as [10, 11] 
where W and B denote the usual SU(2) L × U(1) Y gauge fields with coupling constants g and g ′ , respectively, τ a are Pauli matrices, a = 1, 2, 3 is summed over, and ∆ quς,qdς,ℓς with ς = 1, 2 have the same form as ∆ in Eq. (5), but generally different ξ r . One can express the effective Lagrangian containing these operators as
where Λ is the MFV scale. In general the operators in L eff have their own coefficients which have been absorbed by ξ r in their respective ∆'s. These coefficients also take into account the possibility that the MFV scale in the quark sector may differ from that in the lepton sector. Expanding Eq. (18), one can identify the terms relevant to fermion EDMs. In the quark sector the resulting EDMs of up-and down-type quarks are, respectively, proportional to Im Y Simplifying things, we arrive at the leading-order contributions to the u-and d-quarks' EDMs
where ξ (21), respectively, by cyclically changing the quark labels.
2
In the lepton sector, we get from Eq. (18) the electron EDM
where ξ 
where
is a Jarlskog invariant for U PMNS .
In the case of Majorana neutrinos, if ν k,R are degenerate, M ν = M1 1, and O is a real orthogonal matrix, 3 from Eq. (15) we have
and consequently (23) and (25), respectively, by cyclically changing the mass subscripts.
2 It is worth commenting that since Im ξ r ∝ Det[A, B], due to the reality of the coefficients ξ jkl··· in the infinite series expansion of ∆, and since A and B are Hermitian, d q would be identically zero if there were only one generation of fermions. The same applies to the lepton sector. 3 Since the lepton Lagrangian with ν k,R being degenerate is O(3) ν symmetric, one could transform this real O into a unit matrix [18] .
In the discussion above, d e arises from the CP -violating Dirac phase δ in U PMNS , and the Majorana phases α 1,2 therein do not participate. However, if ν k,R are not degenerate, nonzero α 1,2 can bring about an additional effect on d e , even with a real O = 1 1. With a complex O, the phases in it may give rise to an extra contribution to d e , whether or not ν k,R are degenerate. The formulas for d e in these scenarios are more complicated than Eq. (25) and are not shown here, but we will explore some of them numerically in the next section.
The various contributions to the fermion EDMs that we have considered have high powers in Yukawa couplings. Since the MFV hypothesis presupposes that all CP -violation effects originate from the Yukawa couplings, the high orders in them reflect the fact that nonvanishing EDMs in the SM begin to appear at the three-loop level for quarks and in higher loops for the electron. One may wonder whether these are the only contributions to fermion EDMs under the MFV framework. The answer is no because one can realize fermion EDMs by combining some lower-order Yukawa terms from the MFV operators with SM loop diagrams, such as those contributing to quark EDMs in the SM. Nevertheless, hereafter we will not include such type of possible contributions. The contributions that we have already covered should provide a good idea about how fermion EDMs are generated in the presence of MFV. For definiteness, we will apply numerically the results we have acquired and discuss some of their implications.
IV. NUMERICAL ANALYSIS
We will first treat the neutron EDM, d n , evaluated from the quark contributions and infer from its data a bound on the scale of quark MFV. We will also look at how MFV affects the contribution of the strong θ-term to d n . Proceeding to the lepton sector, we will devote much of the section to the electron EDM, and briefly deal with the muon and tau EDMs, in order to explore limitations on the scale of leptonic MFV. Afterwards, we will examine constraints from CP -violating electron-nucleon interactions which were probed by recent searches for atomic and molecular EDMs. Finally, we will address potential restrictions from some CP -conserving processes.
A. Neutron EDM
In calculating quark EDMs, as in Eqs. (20) and (21), one needs to take into account the running of the quark masses due to QCD evolution. We adopt the mass ranges m u = 0.00139 
r . Evidently, the s-quark effect may be dominant.
To determine the neutron EDM, one needs to connect it to the quark-level quantities. The relation between d n and d u,d,s can be parameterized as
where η n = 0.4 accounts for corrections due to the QCD evolution from µ = m W down to the hadronic scale [21] and the values of the parameters ρ . From the various models proposed in the literature [1, 3, 22] , we may conclude that
In view of these numbers and Eq. (26), we can ignore the d u and ξ 
It is then interesting to note that Λ/ ξ (29) with the current data |d n | exp < 2.9 × 10 −26 e cm at 90% CL [7] , we extract
which is not strict at all. Less extreme choices of ρ d,s n would lead to even weaker bounds. We conclude that the present neutron-EDM limit cannot yield a useful restriction on Λ.
One can also look at the contributions of quark chromo-EDMs to the neutron EDM [1] . The relevant operators are obtainable from the MFV quark-EDM operators by replacing W µν a and τ a with the gluon field strength tensor G µν c and the color SU(3) generators λ c , respectively. The extracted constraints on Λ are similar.
B. MFV contribution to strong theta term
Besides the quark (chromo-)EDMs, another contributor to the neutron EDM is the theta term of QCD [23] , which in the SM is given by [3] 
involves the bare θ-parameter, g s is the strong coupling constant, and ǫ 0123 = +1. The inclusion of MFV causesθ to be modified tō
where ∆ qu,qd have the same expression as ∆ in Eq. (5), but generally different coefficients ξ r . Although the addition of these new factors to the Yukawa Lagrangian amounts only to a redefinition of Y u,d and hence has no direct experimental implications after the quark mass matrices are diagonalized, we can expect that ∆ qu,qd are close to the unit matrix. Our interest is in investigating the size of arg Det ∆ qu,qd in Eq. (32) and thus whether or not their presence makes the fine tuning between the two terms inθ worse.
To compute Det ∆ qu , we first write the real and imaginary parts of ξ r in terms of real constants ̺ r and ı r as
with J ξ given in Eq. (19) . Upon applying the Cayley-Hamilton identity, we then get
which leads us to
where y q = √ 2 m q /v and on the right-hand sides we have ignored terms suppressed by powers of y u,c,d,s,b . The formulas for Det ∆ qd are similar.
Since
Using these conditions and the quark parameter values employed earlier, we have checked numerically that Eqs. (35) and (36) approximate well the exact (but much lengthier) expressions, especially if |̺ 2,4 | ≤ O(0.001). Moreover, we get |arg Det ∆ qu,qd | < 10 −21 . Obviously, the MFV effect is negligible compared to the present boundθ exp < 10 −10 [3] .
C. Electron EDM
To evaluate the EDMs of charged leptons, we need the values of the various pertinent quantities, such as the elements of the neutrino mixing matrix U PMNS as well as the masses of neutrinos and charged leptons. If neutrinos are Dirac in nature, the parametrization of U PMNS is the same as V CKM in Eq. (8) . In Table I , we have listed sin 2 θ kl and δ from a recent fit to global neutrino data [24] . Most of these numbers depend on whether neutrino masses fall into a normal hierarchy (NH), where m 1 < m 2 < m 3 , or an inverted one (IH), where m 3 < m 1 < m 2 . If neutrinos are Majorana particles, U PMNS contains an additional matrix P = diag(e iα 1 /2 , e iα 2 /2 , 1) multiplied from the right, where α 1,2 are the Majorana phases which remain unknown.
Also listed in Table I are the differences in neutrinos' squared masses, which are well determined. In contrast, our knowledge about the absolute scale of the masses is still poor. Some information on the latter is available from tritium β-decay experiments [25] . In particular, their latest results imply an upper limit on the (electron based) antineutrino mass of mν e < 2 eV [7] . Planned measurements will be more sensitive by an order of magnitude [25] . Indirectly, stronger bounds on the total mass Σ k m k = m 1 + m 2 + m 3 can be inferred from cosmological observations. Specifically, the Planck Collaboration extracted Σ k m k < 0.23 eV at 95% CL from cosmic microwave background (CMB) and baryon acoustic oscillation (BAO) measurements [26] . Including additional observations can improve this limit to Σ k m k < 0.18 eV [27] . On the other hand, there are also recent analyses that have turned up tentative indications of bigger masses and hence quasidegeneracy (QD) among the neutrinos. The South Pole Telescope Collaboration reported Σ k m k = (0.32 ± 0.11) eV from the combined CMB, BAO, Hubble constant, and Sunyaev-Zeldovich selected galaxy cluster abundances dataset [28] . This is compatible with the later finding Σ k m k = (0.36 ± 0.10) eV favored by the Baryon Oscillation Spectroscopic Survey CMASS Data Release 11 [29] . In the following numerical work, we take this QD possibility into consideration.
If neutrinos are of Dirac nature, we first note that the mass difference definitions in Table I imply that m 3 , which is independent of m k individually. Then, scanning the parameter ranges in Table I to 
after dropping the ξ ℓ 16 part. This is negligible compared to the latest data |d e | exp < 8.7 × 10 −29 e cm reported by ACME [5] , and the smallness is due to the light neutrino masses being tiny.
In contrast, if neutrinos are Majorana particles, d e can be sizable. To see this, we begin with the simplest possibility that ν k,R are degenerate, M ν = M1 1, and the O matrix in Eq. (15) is real. For 
Although this might suggest thatΛ could be extremely high with an excessively large M, there are limitations on M. Since the series in Eq. (5), which implicitly incorporates arbitrarily high powers of A and B, has to converge, their eigenvalues need to be capped [12, 16] . Otherwise, the coefficients ξ r might not converge to finite numbers after the reduction of ∆ from its infinite series expansion to Eq. (5). In the lepton sector, we only need to be concerned with
e already has diminished eigenvalues. Thus one may demand that the eigenvalues of A are at most 1. However, since MFV may emerge from calculations of SM loops, the expansion quantities may be more naturally be A/(16π 2 ) and B/(16π 2 ), in which case the maximum eigenvalue of A cannot be more than 16π
2 . As another alternative, one may impose the perturbativity condition on the Yukawa couplings, namely (Y ν ) jk < √ 4π [30] , implying a cap of 4π instead. In this paper we require the eigenvalues of A = Y ν Y † ν not to exceed unity. Furthermore, in our illustrations we will choose the largest eigenmasses of the right-handed neutrinos subject to this condition. For the example resulting in Eq. 
which is to be applied to d M e in Eq. (22) . From now on, we ignore the ξ ℓ 16 parts. We can always write OO † = e 2iR with a real antisymmetric matrix
Since OO † is not diagonal, A will in general have dependence on the Majorana phases in U PMNS if they are not zero. To concentrate first on demonstrating how O can give rise to CP violation beyond that induced by the Dirac phase δ in U PMNS , we switch off the Majorana phases, α 1,2 = 0.
Subsequently, for illustrations, we pick two possible sets of r 1,2,3 , namely, (i) r 1 = −r 2 = r 3 = −ρ and (ii) r 1 = 2r 2 = 3r 3 = ρ, and employ the central values of the data in Table I , particularly δ = 1.39π (NH) or 1.35π (IH) .
We present in Fig. 1(a) Table I with the lighter blue and red bands. We remark that the boundaries of the bands do not necessarily correspond to the upper or lower ends of the δ ranges. Within these bands, the blue and red solid curves belong, respectively, to the NH and IH central values in Eq. (44) . We also graph the (dashed) curves for δ = 0 to reveal the CP -violating role of O alone. The solid and dashed curves in Fig. 1(a,b) are roughly the mirror images about ρ = 0 of the corresponding curves given in Ref. [12] for r 1,2,3 = ρ. (44) and to δ = 0. In (e,f) and other QD plots below, only the NH scenario is assumed, unless stated otherwise.
In Fig. 1(a)-(d) , as well as in Ref. [12] , we have only examples where the lightest neutrinos are massless and, consequently, the neutrino masses sum up to Σ k m k = 0.059 eV and 0.099 eV in the NH and IH cases, respectively. These numbers satisfy the aforementioned bound from cosmological data, Σ k m k < 0.18 eV [27] . In light of the hints of quasidegenerate neutrinos with Σ k m k ∼ 0.3 eV from other cosmological observations [28, 29] , which still need confirmation by future measurements, here we also provide a couple of instances in Fig. 1(e,f) after making the NH choice m 1 = 0.1 eV < m 2 < m 3 , which translates into Σ k m k = 0.31 eV.
All these examples in Fig. 1 clearly indicate that O can generate potentially significant new effects of CP violation which can exceed those of δ. The latter point is most noticeable in Fig. 1(b,d ) from comparing the IH δ = 0 regions at ρ ∼ 0 with the extreme values of the corresponding IH δ = 0 curves.
With α 1,2 = 0, the CP -violating impact of O can still materialize even if it is real provided that ν k,R are not degenerate. In that case
based on Eq. (15) . For instance, assuming that O is real, O = e R with r 1 = −r 2 = r 3 = −ρ, and that M ν = M diag(1, 0.8, 1.2), we show the resulting d M eΛ 2 versus ρ in Fig. 2(a) , where only Table I . The solid curves in Fig. 2(a) are similar to their r 1,2,3 = ρ counterparts in Ref. [12] . As another example, we select again r 1 = 2r 2 = 3r 3 = ρ, keeping the other input parameters unchanged, and plot Fig. 2(b) which differs somewhat qualitatively from Fig. 2(a) . In Fig. 2(c,d) , we depict the resulting dependence of d M e on α 2 in Fig. 3 for nonzero δ within its one-sigma ranges from Table I and α 1,2 = 0. It is evident from the instances in Figs. 3 and 4 , as well as their counterparts in Ref. [12] , that the Majorana phases yield additional important CP -violating effects on d e beyond δ.
It is interesting that some of the CP -violating variables which enter d importance because it does not conserve lepton number and thus will be evidence for new physics if detected [25] . If there are no other contributions, the rate of neutrinoless double-β decay increases with the square of the effective Majorana mass 
In Fig. 5 we display several examples of m ββ versus α 2 for α 1 = 0, but not those for δ = 0 to avoid crowding the plots. It is obvious that each of the curves repeats itself after α 2 changes by 2π, which is due to the presence of e iα 2 in m ββ , unlike the d M e curves in Figs. 3 and 4 . The peak values in the third plot of Fig. 5 are already close to the existing experimental upper limits on m ββ , the best one being 0.12 eV [31] . Thus the QD possibility will be tested by forthcoming searches within the next decade, which are expected to have sensitivities reaching 0.04 eV to 0.01 eV [32] . Table I , we show in Fig. 6 some sample relations between the two observables. One can see in particular that the plots in Fig. 6(a,c) [(d,f) ] are related to the solid curves in the first and third (green) graphs of Fig. 5 , respectively, and the corresponding solid curves in Fig. 3 [Fig. 4 ] for r 1 = 2r 2 = 3r 3 = 1 2
. In Fig. 6 we have also indicated a projected sensitivity of 0.04 eV in future hunts for neutrinoless double-β decay which may be achieved after several years. The illustrations in Fig. 6 suggest that, if searches in coming years still yield null results, the acquired limits on d e and m ββ will impose significant restrictions on various scenarios based on lepton MFV. On the other hand, unambiguous observations of d M e and/or neutrinoless double-beta decay will help pin down the favored underlying model and parameter space, under the assumption that the latter process is mediated by a light Majorana neutrino [25] . The information to be gained from the direct neutrino-mass determination in planned tritium β-decay experiments, with expected sensitivities as low as 0.2 eV [25] , and the total neutrino mass to be inferred from upcoming cosmological data with improved precision will supply complementary constraints and cross checks.
Before moving on, we would like to make some remarks on the situation in which only two right-handed neutrinos are added into the theory. In that case, Y ν and M ν as defined in Eq. (1) are 3×2 and 2×2 matrices, respectively. As a natural consequence [33] , it is straightforward to realize from Eq. (14) that |Det m ν | = m 1 m 2 m 3 = 0, indicating that one of m 1,2,3 has to vanish. Another difference is that the O matrix in Eq. (12) is now 3×2. Accordingly, with m 1 = 0 or m 3 = 0 we can write respectively [34] 
where O 2 is a complex 2×2 matrix satisfying O 2 O T 2 = 1 1 2 , where 1 1 2 is 2×2 unit matrix. Thus O 2 has 2 free real parameters, whereas O in the presence of 3 right-handed neutrinos has six. All this implies that the specific examples we have provided so far with m 1 or m 3 set to zero are applicable to the situation with only 2 right-handed neutrinos, as the 2 parameters of O 2 are functions of the 6 parameters of O in the case of 3 right-handed neutrinos with m 1 or 3 = 0. We conclude that for d e the situations with 2 and 3 right-handed neutrinos are similar.
E. CP -violating electron-neutron interactions
Searches for atomic and molecular EDMs may be sensitive to other mechanisms possibly responsible for them besides the electron EDM, such as the EDMs of nuclei and CP -violating electronnucleon interactions. In this section we are interested in the third possibility, particularly that described by [3, 4] 
The recent ACME experiment has set the best limit on the first coupling, |C S | exp < 5.9 × 10 −9 at 90% CL [5] . The strictest limits on the other two, |C P | exp < 5.1 × 10 −7 and |C T | exp < 1.5 × 10 −9
at 95% CL, were based on the latest search for the EDM of the 199 Hg atom [36] .
These interactions may originate from MFV in the lepton sector as well as the quark sector, which has to be included for a consistent analysis. The Lagrangian for the relevant lowest-order operators is
where∆ quς,qdς ∆ ℓ1,ℓ2,ℓ3,ℓ4 are the same in form as ∆ in Eq. (5) and contain the quark (lepton) Yukawa couplings. The leptonic contributions to C S,P,T turn out to be dominant.
To determine C S , we need the matrix elements N|m|N = g N qūN u N v. Thus, we derive . Numerically, we adopt the chiral Lagrangian estimate [37] 
corresponding to the so-called pion-nucleon sigma term σ πN = 30 (80) MeV, which is not yet well-determined [38, 39] . 4 Then, using the maxima of g N q and assuming κ x = 1, we can neglect theξ in the NH (IH) neutrino parameter values specified in the preceding subsection. These restraints are far weaker than those from |d e | exp . For C P , the expression is the same as that for C S in Eq. (52), except g A = 0.58 ± 0.03 were measured in baryon β-decay and deep inelastic scattering experiments [40] . Takingξ 
comparable to Eq. (56).
The MFV coefficient ξ ℓ 12 that determines the electron EDM also enters the anomalous magnetic moment of the muon (g µ − 2) and the rates of the radiative decay µ → eγ and nuclear µ → e conversion, the latter two being still unobserved. Since g µ − 2 has been very precisely measured and the experimental limits of the flavor-changing transitions are stringent, it is important to check if these processes can yield stronger bounds onΛ = Λ/ ξ ℓ 12 1/2 than those evaluated in the preceding subsections. Although the other ξ ℓ r =12,16 terms may contribute to these processes as well and therefore may reduce the impact of the ξ ℓ 12 term, one also cannot rule out the possibility of a scenario in which the latter dominates the other contributions.
The anomalous magnetic moment a l of lepton l is described by L a l = e a l /(4m l )]lσ κω lF κω . From Eq. (18) we have
where (E 1 , E 2 , E 3 ) = (e, µ, τ ) and ∆ ℓ = ∆ ℓ1 − ∆ ℓ2 . It follows that
Thus, with the NH neutrino parameter values specified in Section IV D, we have [41] , which suggests that we can require a µ < 3.4 × 10 −9 .
For the ξ ℓ 12 term alone, this translates into the rather loose limitΛ > 17 GeV, which may be weakened in the presence of the other terms in Eq. (61).
From Eq. (59), one can also calculate the branching ratio B(µ → eγ) of µ → eγ. In the m e = 0 limit
where τ µ is the muon lifetime. In the NH case
where again terms with numerical factors less than that of ξ 
This is stronger by up to ∼ 20 times than those in Eq. (41) from the electron EDM data. However, the other terms in (∆ ℓ ) 21 , some of which are potentially much bigger than the ξ ℓ 12 contribution, can in principle decrease the impact of the latter, thereby lessening the restriction onΛ. Consequently, d e provides a less ambiguous probe forΛ.
Measurements on µ → e conversion in nuclei can provide constraints on new physics competitive to those from µ → eγ searches [43] . The relation between the rates of µ → e conversion and µ → eγ produced by possible new physics is available from Ref. [44] . Assuming that the MFV dipole interactions described by Eq. (17) saturate µ → e conversion in nucleus N , we can express its rate divided by the rate ω N capt of µ capture in N as
where D N represents the dimensionless overlap integral for N and for the NH parameter choices (∆ ℓ ) 21 is given in Eq. (63). Based on the existing experimental limits on µ → e transition in various nuclei [7] and the corresponding D N and ω N capt values [44] , significant restrictions can be expected from B(µ Ti → e Ti) exp < 6.1 × 10 −13 [45] and B(µ Au → e Au) exp < 7 × 10 −13 [7] . 
which are stricter than the results in Eq. (55) by up to a few times, but weaker than Eq. (64). Upcoming searches for µ → e in the next several years will, if it still eludes detection, lower the limits to the 10 −16 level or better [43] , which will pushΛ higher. Nevertheless, since again the other ξ ℓ r terms are generally present in (∆ ℓ ) 21 , these bounds onΛ are not unambiguous. Thus d e provides the best probe forΛ in connection with CP violation.
Since there is a possibility that the MFV scales in the lepton and quark sectors are equal or related to each other, it is of interest to check if there are any quark processes that can also offer bounds stronger than those onΛ from d e . Since, as we saw in Section IV A, the neutron EDM could not provide a competitive constraint, we need to look at other processes. The most stringent restriction on the quark MFV scale turns out to be from the rare decayB → X s γ [10] . Its experimental and SM branching ratios are B B → X s γ exp = (3.43 ± 0.22) × 10 −4 [46] and B B → X s γ SM = (3.15 ± 0.23) × 10 −4 [47] both for the photon energy E γ > 1.6 GeV. To isolate the MFV contribution, we adopt from Ref. [10] the relation
is evaluated at µ = m W and enters the effective Lagrangian
implying that 
where the imaginary parts and other ξ 
V. CONCLUSIONS
We have explored CP violation beyond the SM via fermion EDMs under the framework of minimal flavor violation. The new physics scenarios covered are the standard model slightly expanded with the addition of three right-handed neutrinos and its extension including the seesaw mechanism for endowing neutrinos with light mass. Addressing the quark sector first, we find that the present empirical limit on the neutron EDM implies only a loose constraint on the scale of quark MFV. Moreover, we show that the impact of MFV on the contribution of the strong theta-term to the neutron EDM is insignificant. Turning to the lepton sector, we demonstrate that the current EDM data also yield unimportant restraints on the leptonic MFV scale if neutrinos are of Dirac nature. In contrast, if neutrinos are Majorana particles, the constraints become tremendously more stringent and, in light of the latest search for d e by ACME, restrict the MFV scale to above a few hundred GeV or more. Furthermore, d e can be connected in a complementary way to neutrinoless double-β decay if it is induced mainly or solely by the exchange of a light Majorana neutrino. We find in addition that constraints on the MFV scale inferred from the CP -violating electron-nucleon couplings probed by ACME and the most recent search for the EDM of mercury are relatively weak as well. Finally, we take into account potential restrictions from the measurements on the muon g − 2, radiative decays µ → eγ andB → X s γ, and µ → e conversion in nuclei, which are not sensitive to CP violation.
